The effects of aging and smooth muscle activation on the elastic stiffness of the aortic wall were assessed in nine unanesthetized adult sheep, seven newborn (<1 week) lambs, and five near term fetal lambs in utero, previously instrumented with pressure gauges and ultrasonic dimension crystals for measurements of internal pressure and external diameter in the proximal third of the descending thoracic aorta. Angiotensin and nitroglycerin were administered as intravenous (iv) boluses to increase or decrease pressure and diameter. The midwall stress (u)-radius data were fitted to an exponential curve (r > 0.95) for each animal. The curves obtained in this way were similar to those obtained by inflating and deflating an implanted hydraulic occluder. Incremental elastic modulus (Einc) was derived as a linear function of stress. Compared at similar a levels, Eiac was significantly (P < 0.05) lower in the adults than in either the newborn or the fetuses. For example, at a -3.30 x 10* dynes/cm 1 , Ei«, was 1.41 ± 0.10 x 10* dynes/cm 1 in the adults, compared with 2.41 ± 0.35 in the lambs and 2.31 ± 0.15 in the fetuses. However, when Eim was calculated at the higher stress value corresponding to baseline mean arterial pressure, {a -6.90 ± 0.59 x 10* dynes/cm* in the adult, 3.36 ± 0.27 in the newborn, 3.62 ± 0.56 in the fetus), E&*. was only slightly higher in the adults (3.67 ± 0.50 x 10' dynes/ cm 1 ) than in the newborns (2.42 ± 0.38) or the fetuses (2.58 ± 0.58) . a-Adrenergic activation of aortic smooth muscle, induced by methoxamine infusion, shifted pressure-diameter and stress-radius relationships toward higher pressure or stress for any given radius in the adult, whereas no alteration was observed in unanesthetized fetal or newborn lambs or in adults anesthetized with pentobarbitaL Thus the aortic elastic modulus at any given wall stress is lower in the unanesthetized adult sheep than in the newborn or the fetus. However, the responsiveness of aortic smooth muscle to a-adrenergic stimulation increases with age. Ore Res
ARTERIAL elastic stiffness and smooth muscle characteristics have been studied extensively in anesthetized animals and in vitro preparations (Bergel, 1972; McDonald, 1974) . However, little information is available for intact, conscious animals, probably due to the lack of appropriate techniques. It is important to point out that in the intact circulation a dynamic equilibrium exists between the heart, the aorta, and the periphery (Guyton et al., 1974) , and is continuously modulated by the nervous system (Smith, 1974) . The mechanical properties of the aortic wall play a major role in regulating the interrelationship between aortic pressure, flow, and dimensions (Bergel, 1972; McDonald, 1974) and, hence, in determining the coupling between the left ventricle and the systemic circulation (Bergel, 1972; McDonald, 1974; Urschel et al., 1968; Taylor, 1964) . Moreover, anesthesia and acute manipulation of the vessel to be studied may, by themselves, affect elastic stiffness and smooth muscle tone (Pieper and Paul, 1969; Aars, 1971; Nicolosi and Pieper, 1971; Altura and Altura, 1975) .
Accordingly, the goal of this investigtion was to examine the effects of age on elastic stiffness and smooth muscle responses to a-adrenergic activation in conscious animals. This was accomplished by adapting implantable ultrasonic dimension (Patrick et al., 1974) and pressure-recording techniques to the measurement of aortic pressure and diameter in the conscious sheep (Pagani et al., 1978) . The specific goals were to determine: (1) whether the elastic stiffness of the aortic wall changed with age and (2) whether responsiveness of aortic smooth muscle to a-adrenergic stimulation changed with age. To accomplish these goals, measurements of aortic pressure and diameter were recorded in unanesthetized adult sheep and newborn and fetal lambs at rest and during rapid alterations in aortic pressure induced pharmacologically and mechanically, as well as in response to infusions of a potent a-adrenergic agonist, methoxamine.
Methods

Surgical Procedure
Under aseptic conditions and halothane anesthesia, nine adult sheep (aged 1-3 years) and seven newborn lambs (aged 1-3 days) underwent a thoracotomy in the 6th left intercostal space. After minimal dissection, a miniature pressure gauge (Konigsberg Instruments) was implanted in the proximal third of the descending thoracic aorta. In the same cross-sectional plane, two miniature piezoelectric crystal transducers (2 mm in diameter and 50 mg in weight), each attached to a 0.5-cm 2 dacron patch, were sutured on opposing sites in the adventitia. A heparin-filled Tygon catheter was implanted distally, directly into the descending thoracic aorta through a puncture, and secured with a suture. In three adult sheep and two newborn lambs a hydraulic occluder also was implanted distally. In addition, five near term pregnant ewes (130 days) were similarly anesthetized, and the fetus exposed through a midline laparotomy and uterotomy. A thoracotomy was similarly performed in the fetus, but in this case only the ultrasonic dimension transducers were implanted on the aorta. Through a left flank incision, a no. 5 micromanometer tip catheter (Millar Instrument) was advanced to the thoracic aorta by way of the iliac artery. The uterotomy and laparotomy were repaired, and recording wires and a chest drainage tube were exteriorized from the ewe's flank.
Measurements
Aortic blood pressure was measured with the implanted pressure gauges, which have a frequency response of 1.2 kHz. They were calibrated in vitro before surgery and after the sheep had been killed, and in vivo (in the adults and neonatal lambs) with the implanted aortic catheter and pressure transducer (Statham Instruments). External aortic diameters were measured with an improved ultrasonic dimension technique, which has been described in detail previously (Patrick et al., 1974; Pagani et al., 1978) . This technique measures the transit time of acoustic impulses traveling at the sonic velocity of approximately 1.5 X 10 6 mm/sec between pairs of the implanted 7 MHz piezoelectric crystals. Calibration of the dimension gauge was performed by substituting signals of known duration from a calibrated pulse generator. A voltage proportional to transit time was recorded and calibrated in terms of crystal separation. At a constant temperature, the drift of the instrument is minimal, less than 0.01 mm in 6 hours, and its frequency response is flat to 100 Hz. Any drift that may have occurred was eliminated by repeated calibration reference throughout each experiment. The dimension gauge used in this study was modified by reducing both the inhibit time and voltage applied to the transmitting crystal, thus permitting measurement of the small diameters of the fetal and neonatal aortas (Pagani et al., 1978) .
By applying the pressure signal to the y input and the dimension signal to the x input of a storage oscilloscope, a measure of hysteresis was obtained. In addition, continuous measurements of mean aortic diameter and pressure were obtained electronically, using passive low-pass filters.
To determine aortic wall thickness, a segment of thoracic aorta (2-4 cm in length) was measured in vivo. This segment was excised and weighed. Thus, knowing the in vivo length of the segment and assuming a density of 1.06, we were able to compute the wall volume (Dobrin and Rovick, 1969) . From these data and a knowledge of the in vivo external aortic diameter, wall thickness was calculated.
Protocol
Experiments were performed when the animals had fully recovered from surgery. All adult sheep and newborn lambs were active, eating well, and free of any apparent signs of infection. Moreover, their cardiovascular variables (heart rate and blood pressure) were similar to those of age-matched unoperated sheep (Manders et al., 1976) . Experiments on the fetal preparations were performed 24^48 hours after the completion of surgery, when the ewes were fully awake. The adults usually were studied in the standing position, 1-3 weeks after surgery. Experiments with the lambs were performed 2-5 days postoperatively, while they were in a supine position. All measurements in the conscious state were taken during quiet respiration. At this time the negative intrathoracic pressure, measured with a percutaneous catheter, averaged 2-7 mm Hg.
Aortic pressure and diameter were reduced with nitroglycerin, 25 /ig/kg, iv, and increased with angiotensin, O.ljug/kg, iv. In two newborn lambs and three adult sheep, similar changes in aortic pressure and diameter were produced mechanically by inflating a hydraulic occluder previously implanted on the distal descending aorta. To activate a-adrenergic receptors of the aortic smooth muscle, a continuous iv infusion of methoxamine for 7 minutes was used, since the aortic smooth muscle response to adrenergic stimulation is slow (Aars, 1971; Pagani et al., 1975) . A dose of 50 /igAg per min was administered to the adults; this was the maximal dose consistently tolerated. To obtain an equivalent rise in aortic pressure in the newborn lambs, a dose of 100 /xg/kg per min was used. In the fetuses, weight was estimated at surgery, and, to account for the placental circulation, 200 /xg/kg per min was used. Responses to methoxamine infusion, 50 ftg/kg per min, also were studied in four adult sheep anesthetized with pentobarbital sodium, 30 mg/kg, VOL. 44, No. 3, MARCH 1979 iv, and with ventilation controlled by a respirator following thoracotomy.
Calculations
A number of different theoretical and experimental models have been developed to study arterial wall elasticity in the in vitro and anesthetized preparations (Bergel, 1961 (Bergel, , 1972 McDonald, 1974; Patel and Vaishnav, 1972; Gow, 1968 Gow, , 1972 Cox, 1971 Cox, , 1975 . They often assume linear elastic theory, in-compres8ibility, and a Poisson ratio of 0.5, together with isotropy of the arterial wall. Thus, assuming an isotropic, homogeneous elastic medium for the aortic wall, the incremental modulus E^) and stress (a) are given by the following formulas*:
where P is the aortic pressure, a and b are, respectively, the inner and outer aortic radii, and R = (a + b)/2 is the midwall radius. It should be emphasized that incremental modulus (E mc ) refers to the elastic stiffness of the aortic wall per se, and is not to be confused with the terms dV/dP or dP/dV, which refer respectively to the compliance and stiffness of the aorta as a hollow structure. (The relationship between E mc and dP/dV is shown in Appendix I.)
From direct measurements of aortic external diameter (D), a and b can be calculated:
where L is the in situ length and V w the wall volume of an excised aortic segment. V w is determined from its measured weight and known material density (1.06). Thus, for each pressure and associated values for the radii a, b, and R, the stress is calculated from Equation 2.
The stress-radius data from each sheep are curvefit to an exponential form:
where A and /? and the correlation coefficient (r) are obtained by least squares analysis (Armitage, 1974) . Employing the exponential a-radius relationship, the incremental modulus E^ is determined from the relation E^ = 0.75R/?a and plotted as a linear function of the stress. Thus, the elastic modulus of the aortic wall can be compared among groups at a common stress level.
Values reported in the Results and tables are mean ± SEM. One-way analysis of variance was employed to test the significance of age-related differences. Linear contrasts were performed for multiple comparisons among the fetal, newborn, * See Appendix 1 for derivations. and adult sheep using the Scheffe method (Armitage, 1974) .
Results
Control Hemodynamics
The resting control hemodynamic data for the nine conscious adult, seven conscious newborn, and five unanesthetized near term fetal sheep are presented in Table 1 . Mean arterial pressure was higher (P < 0.05) in the adult (83 ± 2 mm Hg) than in the newborn (70 ± 5 mm Hg); the latter figure in turn was greater (P < 0.01) than that for the fetus (50 ± 2 mm Hg). Mean external aortic diameter was greater (P < 0.01) in the adult (21.07 ± 0.69 mm) than in either the newborn (9.55 ± 0.56 mm) or the fetus (9.58 ± 0.80 mm). Wall thickness in the adult (1.56 ± 0.07 mm) was slightly but not significantly greater than in the newborn (1.25 ± 0.16 mm), but was significantly greater (P < 0.01) than in the fetus (0.88 ± 0.06 mm). Furthermore, the ratio of wall thickness to vessel radius in the adult was smaller than in the newborn and the fetus (Table 1) , and thus the midwall stress is significantly greater (P < 0.01) in the adult (6.90 ± 0.59 dynes X 10 5 /cm 2 ) than in the newborn (3.36 ± 0.27) or the fetus (3.62 ± 0.56). Heart rate was significantly lower (P < 0.01) in the adult (88 ± 3 beats/min) than in either the newborn (123 ± 7 beats/min) or the fetus (171 ± 3 beats/min).
Effects of Nitroglycerin and Angiotensin Boluses
Aortic pressure and external diameter were decreased by nitroglycerin, 25 jig/kg, iv ( Table 2, Fig. 2 ). Phasic waveforms for aortic pressure and diameter were similar during control and with hypotension (Figs. 1 and 2). However, the phasic waveform for diameter, in contrast to that of pressure, was reduced as pressure rose (Fig. 2) , reflecting the decrease in aortic distensibility associated with acute hypertension (McDonald, 1974; Gow and Taylor, 1968; Cox, 1975; Gow, 1970) .
The peak reduction in pressure and diameter ( Fig. 1 ), as well as the peak rise ( Fig. 2) , always were reached in a short time (<25 seconds) in the adults as well as in the newborns and the fetuses ( Table 2 ). The instantaneous relationship between aortic pressure and diameter was analyzed on a beat-by-beat basis, using a storage oscilloscope, as shown in Figure 3 . With this technique it became apparent that, at control, as well as with rising pressure and diameter, the hysteresis of the pressure-diameter loop (pressure leading diameter) was minimal (Pieper and Paul, 1969; Pagani et al., 1975; Gow, 1970) , whereas it increased with the hypotension and tachycardia that follow nitroglycerin. In the newborn, this hysteresis tended to be more marked (Fig. 3 ). 
Values shown are mean ± SEM. * Significant difference from control, P < 0.05. t Adult significantly different from newborn, P < 0.05. $ Adult significantly different from fetus, P < 0.05. § Newborn significantly different from fetus, P < 0.05.
Calculated Parameters for Analyzing Aortic Elastic Stiffness
To study the effects of age on aortic elastic stiffness, midwall a-radius relationships were ex- amined in the different age groups for individual sheep, as shown in Figure 4 . It is important to mention that all the a-radius relationships were well described (r > 0.95) by an exponential curve. Moreover, essentially identical relationships were obvtained when pressure was changed either mechan- ically, by abruptly obstructing the distal thoracic aorta with an implanted hydraulic occluder, or pharmacologically, with iv nitroglycerin and iv angiotensin (Fig. 5) .
The control values for a were significantly higher (P < 0.01) in the adults (6.90 ± 0.59 X l(f dynes/ ADULT
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FIGURE 4 Midwall stress-radius relationships of an adult, a newborn, and a fetal unanesthetized sheep before (unfilled symbols) and at the end (filled symbols) of an infusion of methoxamine. Note the shift toward higher stress at any given radius in the adult sheep, but not in the newborn or fetal lamb. cm 2 ) than in the newborns (3.36 ± 0.27) or fetuses (3.62 ± 0.56). Whereas the control levels for a were significantly higher, the calculated elastic modulus Einc at this a level in the adults (3.67 ± 0.50 X 10 6 dynes/cm 2 ) was slightly but not significantly higher than in the newborns (2.42 ± 0.38) or fetuses (2.58 ± 0.58). However, when the newborn and fetal groups were combined, the value for adults was significantly (P < 0.05) higher.
To compare incremental elastic modulus (Einc) at common a levels, E mc values for each group were compared at the lower range of a where an overlap of a values was observed. Average values of E mc calculated as a linear function of a are shown in Figure 6 . The elastic modulus of the aortic wall of the adult was significantly lower (P < 0.05) than that of either the newborn or the fetus, when contrasted at a common a range of 2.7 to 3.3 X 10 6 dynes/cm 2 . E™ was significantly lower for the adult (P < 0.05) than for the newborn and fetus combined, at a common a range of 2.7-5.3 X 10 6 dynes/cm 2 . At the higher a range, i.e., up to 8.0 X 10 6 dynes/cm 2 , EUK in the adult was lower (P < 0.05) than in the newborn. Values of Einc in the newborn lamb and in the fetus at similar a levels were essentially identical. 
Effects of Methoxamine Infusion
To stimulate a-adrenergic receptors of aortic smooth muscle, methoxamine was infused for 7 minutes (Fig. 7) . By the end of the infusion, mean aortic pressure had risen 55 ± 6% in the adults, but mean aortic diameter was only slightly and not significantly higher than control values (0.4 ± 1.3%) 
The effects of an infusion of methoxamine, 100 ng/kgper min, are shown on phasic and mean aortic pressure and external diameter in a conscious newborn lamb. Note that in this case the rise in pressure is accompanied by a parallel rise in diameter, at variance with what is observed in the conscious adult sheep (Fig.  7) .
( Table 2) , indicating that pressure-diameter relationships had shifted. This point is evident in the pressure-diameter plot (Fig. 3) , which shows that with methoxamine infusion the instantaneous pressure-diameter relationships have shifted toward higher pressure at any given diameter. Methoxamine infusion increased pressure and diameter in the newborn (54 ± 9% and 2.2 ± 0.8%) (Fig. 8 ), but shifted their relationship, as shown by the pressurediameter plot, only slightly (Fig. 3) . Similar parallel changes in pressure and diameter were observed in the fetus; pressure rose by 42 ± 4% and diameter by 1.4 ± 2.3% (Fig. 9) . Thus, activation of smooth muscle with methoxamine is capable of markedly shifting pressure-diameter relationships in the adult The effects of an infusion of methoxamine, 200 ng/kgper min, are shown on phasic and mean aortic pressure and external diameter in an unanesthetized near term fetal sheep. Note that, similar to the response in the newborn lamb but in contrast to that in the adult sheep, the rise in pressure is accompanied by a parallel rise in diameter. VOL. 44, No. 3, MARCH 1979 ( Figs. 3 and 7) , but not in the newborn (Figs. 3 and 8) or the fetus (Fig. 9) . Similarly, a-radius relationships are shifted by smooth muscle activation toward higher a for any given radius in the adults but not in the fetus or the lamb (Fig. 4) . The difference in 0 at a given radius (stress response) has been proposed as an indicator of the increase in smooth muscle tension (null method) (Burton, 1962) . The average increase in a in the adult, 4.1 ± 0.90 X 10 6 dynes/cm 2 at a midwall radius of 0.96 cm, was significantly greater (P < 0.05) than that observed in the newborn (1.0 ± 0.3 x 10 6 dynes/cm 2 at a midwall radius of 0.44 cm) or the fetus (1.1 ± 0.70 X 10 8 dynes/cm 2 ).
Effects of Anesthesia
In the anesthetized sheep both pressure and diameter were reduced from preanesthesia control values (20 ± 9% and 9 ± 2%, respectively, Fig. 7) . The infusion of methoxamine, 50 /ig/kg per min, was associated with a more apparent increase in both pressure (102 ± 9%) and diameter (17 ± 2%) than was observed in the conscious adults. However, no shift in the pressure-diameter relationship was observed; i.e., the rise in pressure was associated with a proportional rise in diameter, indicating a lack of smooth muscle response.
Discussion
The major fraction of prior work on aortic elastic properties has been performed on excised vessels or vessel strips (Bergel, 1972; McDonald, 1974; Roach and Burton, 1959; Learoyd and Taylor, 1966; Roach, 1970; Berry et al., 1975; Cox et al., 1976; Alexander, 1954; Vatner and Braunwald, 1975) , or in anesthetized animals (Bergel, 1972; McDonald, 1974; Pieper and Paul, 1969; Aars, 1971; Nicolosi and Pieper, 1971; Pagani et al., 1975; Patel and Vaishnav, 1972; Gow, 1972; Gow and Taylor, 1968; Cox, 1975; Gow, 1970; Alexander, 1954; Wiggers and Wegria, 1938; Peterson et al., 1960; Patel et al., 1961; Remington, 1962; Gerova et al., 1973) . In 1972, Gow noted that "new techniques are required to produce a continuous monitor of vascular dimensions in conscious animals, thus allowing the precise measurement of the normal physiological variations in vascular calibre and viscoelastic properties." The present investigation utilized a new technique to examine the effects of age and smooth muscle activation on the elastic properties of the intact thoracic aorta in unanesthetized young adult, newborn, and fetal sheep.
To study aortic pressure-diameter relationships in the conscious sheep, the ultrasonic dimension technique (Patrick et al., 1974; Pagani et al., 1979) was adapted for measurement of the external diameter of the proximal third of the thoracic aorta in the conscious sheep. This system employs small, lightweight, piezoelectric crystal transducers which are sutured to the outer adventitia. They cause minimal scarring and provide an instantaneous and continuous measure of external vessel diameter. Moreover, this system employs a crystal-controlled clock for calibration, thus allowing accurate and reproducible measurements over long periods of time. As indicated by the phasic waveforms, there is virtually no interference to normal vessel motion. The high frequency response of the dimension gauge (100 Hz) as well as of the miniature pressure gauge (1.2 kHz), and their intrinsic linearity of response, make these techniques particularly attractive for studying phasic aortic pressure-dimension relationships (Fig. 3) . With these techniques, continuous and instantaneous measurements from the descending thoracic aorta of conscious adult, newborn, and unanesthetized fetal sheep were obtained at rest and during interventions.
To compare the elastic behavior of the thoracic aorta in these different age groups, variations in pressure and diameter larger than those occurring during the cardiac cycle were induced. Vasoactive drugs were employed, which caused rapid variations (peak effect occurred in less than 25 seconds) in pressure and diameter. Since aortic smooth muscle responds slowly both to adrenergic drugs (Aars, 1971 ) and neurally released norepinephrine (Pagani et al., 1975) , it is likely that the pressure-diameter changes observed were primarily reflecting the intrinsic passive elastic properties of the vessel. This contention is consistent with the observation that virtually identical pressure-diameter and stress-radius relationships were obtained by changing pressure and diameter mechanically with an implanted hydraulic occluder (Fig. 5) .
To compare elastic stiffness of the aortic wall in sheep of different size, stress-radius relationships were derived for the individual animals. In addition, elastic modulus as a function of stress was calculated for each sheep, and values of elastic modulus for each age group were compared at a common stress level. It was noted that, at common stress levels, the adult aorta had a lower elastic modulus than that of the newborn or fetal sheep. Prior studies have shown increasing (Roach and Burton, 1959; Learoyd and Taylor, 1966; Roach, 1970; Cox et al., 1976; , decreasing (Meyer, 1964) , and little change (Berry et al., 1975) in aortic stiffness with age. However, it is difficult to compare the results of the present and prior studies due to marked differences in experimental design, e.g., species, technique, mathematical analysis, animal preparations, and particular vessel studied. It also must be pointed out that in the present investigation a population of young adults, free of any apparent arterial disease, was studied. Thus if older animals, or animals with aortic disease, had.been studied, it is conceivable that the elastic modulus would have been greater. Another consideration is that in the present study arterial elasticity was evaluated by a static elastic modulus; thus, viscoelastic properties of the aorta were not explicitly considered. It is likely, however, that in these experiments these properties play a minor role, as is suggested by the minimal hysteresis in the pressure-diameter plots. Moreover, Gow (1972; Gow and Taylor, 1968) , using Fourier analysis of pressure and diameter data in experiments on anesthetized dogs, showed only small variations in the magnitude and phase angle of the elastic modulus for the thoracic aorta, over the frequency range of 0-3 Hz. The validity of using linear elastic theory to describe the elastic properties of the aorta also could be questioned. However, used both linear and large deformation elastic theory in comparing the effects of age on elastic stiffness of heart muscle, and demonstrated that qualitatively similar results were obtained with both approaches. Even considering these limitations, the use of a static elastic modulus is justified, at least for the purpose of comparing different groups of animals.
It is also important to emphasize that, in analyzing the effects of age on aortic elastic stiffness-stress relationships, different conclusions are derived if the comparison of elastic modulus is made at common stress levels or at the baseline levels of aortic stress. The ratio of wall thickness to vessel radius decreases with age, thus contributing to the increase in wall stress. However, although the baseline level of aortic stress rises with age, the baseline elastic modulus in the adult increased only slightly but not significantly from that of either the fetus or the newborn. Nevertheless, a significant increase was observed when the data for the young adult group were compared with the pooled data from the newbom and fetal groups. Thus, only small increases in elastic modulus calculated at control levels of stress occur with age. One possible interpretation is that, with growth, the "operating level" of the aortic elastic modulus tends to be maintained constant . It might be hypothesized that, with aging, adaptive changes in the thoracic aorta override the concurrent geometrical and histochemical changes to maintain a near constant level of elasticity, probably associated with the development of an optimal load for the left ventricle.
Aortic smooth muscle responses to a-adrenergic stimulation also were examined in the three age groups. A marked alteration of pressure-diameter relationships was induced by stimulation of a-adrenergic receptors with methoxamine in the adult (Fig. 3) , but not in the newborn lamb or the unanesthetized fetus. Thus, methoxamine increased aortic pressure and stress for any given radius. Whether stress-radius ( Fig. 4) or instantaneous pressure-diameter analysis was used (Fig. 3) , it was clear that the smooth muscle responses to a-adrenergic stimulation of adult unanesthetized sheep were greater than those observed in fetal or newborn animals. It might be hypothesized that the reduction in diameter caused by contraction of aortic smooth muscle, by reducing wall stress, serves to compensate for the increase in wall stress induced by the elevation in blood pressure. It should also be noted that twice the dose of methoxamine used in the adults was necessary to attain a similar increase in aortic pressure in the newborn. These observations are consistent with another recent study from our laboratory demonstrating depressed peripheral vasoconstrictor responses to methoxamine in newborns (Manders et al., 1976) .
The importance of using a conscious animal preparation for the study of smooth muscle responses was pointed out by the experiments in the adults studied in the anesthetized state, in which no appreciable smooth muscle response to methoxamine infusion was observed, as reflected by a lack of change in the pressure-diameter relationship (Fig.  4 ). In the present study, the response of the anesthetized adults appeared similar to that of the unanesthetized newborn and fetus. It is interesting to note that Altura and Altura (1975) found smooth muscle responses to norepinephrine to be depressed by addition of pentobarbital in an isolated aortic strip preparation.
One might speculate that the differences in responsh eness of the aorta to a-adrenergic stimulation with age, or under anesthesia, could play an important role in modifying the activity of vascular mechanoreceptors, and thus influence the cardiovascular reflexes initiated by them.
In summary, at baseline levels of arterial pressure, the elastic modulus of the aorta of young adult sheep is higher than that of the newborn lamb or the fetus, because of the higher stress level. However, when compared at common levels of stress, the aorta of the adult has a lower elastic modulus. Furthermore, in the adult, a marked shift in the pressure-diameter and stress-radius relationships is observed in response to a-adrenergic stimulation with methoxamine. In contrast, no shift was observed in the newborn lambs, fetal lambs, or anesthetized adult sheep.
Appendix 1
Development of an Expression for Incremental Elastic Modulus (Et^) and Stress (o)
Assuming a cylindrical geometry for the aorta, the stress-strain relations in the cylindrical coordinate system (r, 0, z) may be written in the form (Lekhnitski, 1963; Mirsky, 1973) : Orr = Cl) err + Cl2 e « + C12 Cx age •= C12 e,r + en e w + C12 e n an = C12 err + Cn e « + en e a ,
where arr, a«, and a n are, respectively, the radial, VOL. 44, No. 3, MARCH 1979 circumferential, and axial stresses; e^, e«, and e tt are the corresponding strains; Cn => E(l -v)/{l + i>)(l -2v); C12 = Er/(1 + v)(l -2v), E being the Young's modulus and v the Poisson ratio. Subtraction of the first two equations yields the result:
One -Orr = (Cn -Cl 2 )(e W -err) = E(e«that is,
For an incompressible material, v = 0.5; hence the incremental elastic modulus is given by: nc = (1.5)A(a«, -an-)/A(e*j -en-).
(3)
Furthermore, the incompressibility condition requires that e^ + e« + e n = 0, therefore: + Ae w + Ae a = 0.
(4)
If we assume that length changes remain constant due to tethering, then e n = constant, Ae n » 0 and Aerr = -Ae w . Thus, the incremental elastic modulus expression (Eq. 3) reduces to: = (0.75)A(a« -a^/Ae* = (0.75)RA<j/AR,
where a =• = ow -o<r and the incremental strain Ae«j = AR/R, R being the instantaneous midwall radius of the aorta. It now remains to obtain the expression for a. For a cylinder with inner and outer radii a and b, respectively, subjected to a luminal pressure P, and external pressure P o (intrathoracic), the radial and circumferential stresses at the midwall are given (Timoshenko and Goodier, 1951) by: arr = Pa 2 (1 -b 2 /R 2 )/(b 2 -a 2 ) -P o b 2 (l -a 2 /R 2 )/(b 2 -a 2 ) o M = Pa 2 (1 + b 2 /R 2 )/(b 2 -a 2 ) -P o b 2 (l + a 2 /R 2 )/(b 2 -a 2 ).
Hence: a = Ogg -On--2P T (ab/R) 2 /(b 2 -a 2 ),
where PT = P -P o is the transmural pressure, and a, b, and R are determined as discussed in the Methods. Since intrathoracic pressure, Po, is small compared to luminal pressure, P, we assumed PT p There is a complex relationship between incremental modulus (Emc) and dP/dV. Differentiating Equation 7 with respect to midwall radius, R, and invoking the incompressibility condition, a detailed analysis yields the following result: E^c = 1.5 {(b/a)[l + (V/PT) (dPr/dV)] + (a/b) -l}a,
where b/a = {(V + VJ/V}' / 2 and V and V u are, respectively, the lumen and wall volume. If we assume the thickness-radius ratio (h/R) to be small compared to unity (i.e., a = b = R), the above expressions for a and Emc reduce to: and a = P T R/h (9) Einc = 1.5 P T (R/h)[(l + (V/P T )(dP T /dV)]. (10) 
